Introduction
Phenylalanine (Phe) is the amino acid that has produced an extra-ordinary set of scientific insights in the last half decade. Numerous new crystal structures, polymorphs, hydrates and gel forms have peaked research interest in its solid-state behaviour the world over. 1 Coupled to this is the fact that Phe is a key component in the synthesis of natural and synthetic products such as aspartame, peptides and medicines. Our primary interest is in the gelation properties of the compound and its derivatives. A gel is a colloidal material in which a gelator is dispersed (the solid, continuous phase) within a solvent (the liquid, dispersed phase). Aggregation of phenylalanine in water has recently been linked to the disease phenylketonuria 1a and the solid state form of those fibres of the gels have been elucidated to be the monohydrate crystal form, which was first characterised by Harris and co-workers. 1k As well as the hydrogel formation, we have also shown that Phe forms gels with DMSO. 1p Phe is one of the smallest molecules yet known to form a gel. With this in mind, we turned to the question of how to improve its gelation properties, e.g. to lower critical gel concentrations (CGCs), and to direct rheological properties. As a first step, we decided to change the aromatic portion of the Phe molecule by adding halogen groups. The reasoning behind this lies in our initial understanding of the self-assembly of Phe. With a number of potential sites for interactions within the molecule, namely π-π interactions, hydrogen bonding, hydrophobic effects and electrostatic interactions between the zwitterionic components of the compound, there are a number of chemical modifications that can be implemented to affect the resulting gelation properties. However, our studies of the Phe gelation highlighted that the electrostatic interactions dominate the self-assembly process and that removal of these prevents gelation. The hydrophobic effects, C-H···π and π-π interactions provide a minor contribution to stabilisation of the three-dimensional crystal structure and therefore have a subtler effect on gelation processes. 1p Hence, we felt this was the most appropriate chemical functionality to alter, that would affect the tuning of the gelation properties of Phe without totally disrupting the gelation. The study of halogenation of Phe, or of Phe as a molecular building block of the compound, has resulted in a number of interesting results. These included, but are not limited to, the following findings. A crystal structure analysis of four fluorinated Phe compounds by In and co-workers reveal that there are generally familiar features to the supramolecular packing. 2 These are the bilayer motif of a hydrophobic layer and hydrophilic layer, and that the degree of fluorination can alter the interactions between the phenyl rings. However, we note that there are two hydrates and two anhydrous forms discussed. We will present analysis of only the monohydrate forms of the derivatives for more palpable trends to be ascertained. Halogenation of fluorenylmethyloxycarbonyl-Phe (FMOC-Phe) derivatives by Ryan et al. (2010) and Pizzi et al. (2017) showed that self-assembly processes in water and the mechanical properties of the resulting materials were highly dependent on halogen identity and substitution position on the aromatic ring. 3 An important aspect to take into account in all these studies is the concept of the halogen -halogen interaction and halogen bonding. 4 This has been utilised in a number of studies involving small molecule gelators. 5 In particular, the Br and I derivatives can often show significant halogen-based interactions that cause a stepped change in structural packing and properties. [3] [4] [5] Fluorination of biologically active compounds is of particular interest due to the use of 18 F in positron emission tomography (PET) scanning. 6 There have been a number of studies of fluorinated Phe for this particular reason and for other medicinal applications. However, little or no information is known on the effect this has on the selfassembly of Phe derivatives in water and other solvents.
The gelation properties of a number of chirally pure Phe derivatives (Fig. 1) were thus determined. These are: 4-fluorophenylalanine (F-Phe), 3,4-difluorophenylalanine (2F-Phe), pentafluorophenylalanine (5F-Phe), 4-chlorophenylalanine (Cl-Phe), 3,4-dichlorophenylalanine (2Cl-Phe), 4-bromophenylalanine (Br-Phe), and 4-iodophenylalanine (I-Phe). As well as the gelation properties investigated via morphology determination, rheology, and NMR spectroscopy, we also determined crystal structures for a number of these compounds and analysed the structures crystallographically. 
Experimental Materials
Methods. Chemicals were purchased from the following companies and used without further purification: Lphenylalanine (Phe) -Sigma Aldrich, halogenated Phe supplied by Fluorochem; DMSO -Fisher; deuterated solvents (D2O, DMSO-d6) -Goss Scientific. We note that, in most cases, there must be some care taken with commercial samples of the derivatives of Phe as they are not always sufficiently pure to allow for the gelation properties to be reproducible.
Gelation procedures. All gels are heat set/thermoreversible gels. Gelation tests were performed by dissolving the amino acids in DMSO (anhydrous) or distilled water in screw cap glass vials under a heat gun. Setting of the gels was initiated by cooling, often under a cold water tap. Some gelation was noted when the materials were sonicated hot or just upon mixing. Sonication often resulted in more homogeneous samples when compared to vials that were left on a bench undisturbed.
Crystallography and crystal structure analysis. Crystals were selected from the fibres found in the hydrogel formation experiments or synthesised utilising MeOH or EtOH as cosolvents. The co-solvent method often resulted in slightly larger single crystals. Selected crystals were mounted on to cryo-loops utilising Paratone oil. Crystals were crash cooled under a N2 cryostream. Data was collected utilising two instruments, an Agilent Xcalibur Eos Gemini ultra, and a Bruker APEX-II CCD. The crystal structures were solved utilising Shelx interfaced into Xseed or Olex2. Electrostatic potential Hirshfeld surfaces were calculated using CrystalExplorer with Tonto. DFT calculation was performed with 6-311G (d,p) basis set with Becke88 exchange potential and LYP correlation potential. Images were generated utilising Xseed or CrystalExplorer.
Rheology.
Rheological experiments were performed on a Bohlin nano II rheometer. All samples were collected using a gap of 200 μm and a solvent trap. Two different methods were utilised for measurements. The rheometer was equipped with a 40 mm stainless steel cone (4°) or a 40 mm acrylic plate. It was found that the cone and plate gave comparable results for these materials. Gels for rheological analysis were formed as follows. In a sealed vial containing 2 ml of solvent the appropriate amount of the Phe derivative was dissolved with the aid of heating. Once fully dissolved the solution was injected into the gap between the cone and the rheometer's plate (50 or 20 °C) using a warmed syringe. Once the solution was in place the plate was gradually cooled to 20 °C or left at 20 °C. These materials were left for up to 1 h to allow the gel to completely form.
Scanning electron microscopy (SEM). SEM images were produced using a FEI Quanta 3D SEM equipped with an Everhart Thornley Detector (ETD) operating in high vacuum mode. The electron source is a field emission gun (FEG) operating at 5 kV accelerating voltage. A second instrument was also utilised. It is a Philips XL30 LaB6 ESEM equipped with an Oxford Instrument X-max 80 EDX detector at 3 kV. Wet gel samples were placed on carbon sticky tabs mounted on aluminium SEM stubs. Once mounted, samples were dried under vacuum in a desiccator for 48 hours. These dried samples were then gold coated for 20 seconds at 20 μA or 2 minutes at 12 μA using a sputter coater.
Nuclear Magnetic Resonance (NMR) Spectroscopy. Solid-state NMR spectroscopy. Solid-state NMR experiments were carried out using a Bruker Avance III NMR spectrometer operating at frequencies of 400.23 MHz ( 1 H) and 100.64 MHz ( 13 C), equipped with a 4 mm wide bore probe. Dried gel samples were packed directly into 4 mm zirconia rotors. 1 H-13 C CP/MAS Please do not adjust margins Please do not adjust margins NMR spectra of dried samples were acquired using 2048 scans, a recycle delay of 20 s, a contact time of 2 ms and an MAS rate of 10 kHz. 1 H and 13 C spectra were referenced to tetramethylsilane (TMS). All experiments were conducted at 298 K. Solution-state NMR spectroscopy. Solution-state NMR experiments were performed using a Bruker Avance I spectrometer operating at a frequency of 499.69 MHz ( 1 H) equipped with a 5 mm triple resonance probe. 600 μL hot solutions were pipetted into NMR tubes and allowed to form a gel inside. 1 H-NMR spectra were acquired using excitation sculpting for water suppression (zgespg) with a recycle delay of 10 s. 1 H longitudinal relaxation times (T1) were measured using a standard inversion recovery pulse sequence with a recycle delay of 10 s. 16 points were recorded at variable time delays ranging from 0.1 to 20 s. The evolution of intensities were fitted mathematically to the mono-exponential function M z (τ) =
, where M z is the z-component of magnetisation, M 0 is the equilibrium magnetisation and τ is the time delay. 7 All experiments were conducted at 298 K.
Results and Discussion

Gelation properties
In order to understand the effect of the addition of halogens to the aromatic functionality of Phe on the self-assembly of the Phe derivatives, we investigated gelation performance in water and DMSO. Seven halogenated Phe derivatives ( Fig. 1) were tested and the majority were found to gel in both water and DMSO, as has been observed for the parent compound Phe (Fig.  2) . The only significant difference noted was for Br-Phe and IPhe. I-Phe was found not to gel in the solvents tested. In the case of Br-Phe, the compound was found to gel, however, these gels were found to be very metastable. This behaviour is different to that found with the FMOC-Phe derivatives, where gelation still occurs with Br and I derivatives. 3 Generally, the DMSO gels were found to transform from the clear and transparent gel states to fine white precipitates over a few days. The water gels formed opaque, fibrous gels, which transformed over a day into a fibrous crystalline material that no longer survived the "inversion" test. The determination of the critical gel concentration (CGC) via this "inversion" test showed a general decrease of the CGC value with increasing molecular mass of Phe derivatives for both the hydrogel and organogel series (Table 1) . Despite the lowering of the molar CGC trends with the increase of molecular weight, the CGC values as % of weight/volume only decreases slightly. Generally, a more hydrophobic group also decreases the CGC, as shown in the FMOC-Phe series of compounds. 3 There is current interest within the supramolecular gel community to correlate some form of parametrised "solubility" with the propensity of a compound to form a gel. 8 We therefore compared the Hansen solubility parameters (δd; δp; δh) of DMSO and water, which account for dispersion forces (δd), dipolar intermolecular forces (δp) and hydrogen bonds (δh) between molecules. 9 On first inspection (Fig. 3) , the parameters appear to be quite similar, δd 15.5 for water and 18.4 for DMSO, δp 16 for water and 16.4 for DMSO. However, the δh values are significantly different for this pair of solvents, 42.3 for water and 10.2 for DMSO. This difference indicates that these two gels, H2O and DMSO, should not be related to each other. Fig. 2 . Photographs of the gels of Phe and its derivatives in water (below) and DMSO (above). From left to right, images are of Phe, F-Phe, 2F-Phe, 5F-Phe, Cl-Phe, 2Cl-Phe, and Br-Phe. All gels were set a 3 % by weight/volume in water, except for Phe, which was at 3.5 % by weight/volume, and 1 % by weight/volume in DMSO. Fig. 3 . Solubility data for Phe (at 1 % by weight/volume), represented in Hansen space. The gels are represented by blue points, the formation of a precipitate after full dissolution by red points, a solution by the green point and insoluble/partly soluble in a solvent by black points. X-value is δp, Y-value is δd, and the Z-value is δh.
Other physical measurements reveal that by visual inspection there are opaque hydrogels and transparent DMSO gels (Fig. 2) , the rheological properties of the two types of gels are significantly different, and the CGCs for the two solvents are notably dissimilar (Table 1) . As well as these characteristics we will show the hydrogels are crystalline in nature and the organogels are not. This trend was recently described for the parent compound Phe. 1p
SEM and Morphology
The morphology of the gels was assessed by performing SEM on dried samples. The images of the hydrogels gave clear fibrous morphology (Fig. 4) . The size of these fibres was found to be in the scale of 600-2000 nm wide, which is consistent with the fact that the gels are opaque and that the fibrous nature can be observed with the visible eye. The DMSO gels, however, are transparent and clear. The fibrous nature could be confirmed from the SEM images (Fig. 5) , with fibres found to be significantly thinner (70-212 nm wide), even to the point where it was difficult to discern the size with the resolution possible for the samples and instruments. It was difficult to capture the transient nature of the Br-Phe materials due to a phase transition of the material upon drying. Fig. 4 . SEM images of hydrogels of Phe and the halogenated Phe compounds. From top left, images are of Phe, F-Phe, 2F-Phe, 5F-Phe, Cl-Phe, 2Cl-Phe and Br-Phe. All gels were set a 3 % by weight/volume, except for Phe, which was at 3.5 % by weight/volume. These images confirm the presence of large fibres, known to be crystalline, of the gelatinous materials. Fig. 5 . SEM images of DMSO gels of Phe and the halogenated Phe compounds. From top left, images are of Phe, F-Phe, 2F-Phe, 5F-Phe, Cl-Phe, 2Cl-Phe, and Br-Phe. All gels were set a 1 % by weight/volume. The fibrous nature of the materials after drying can be noted. The Br-Phe always appears to phase change upon drying, resulting in images of the crystalline Br-Phe material.
Rheology
All the gels were characterised by rheology to ascertain firstly their viscoelastic nature, and secondly the variation, if any, in the gel properties. When frequency sweeps were performed with a small amplitude stress (Figs. S1 and S2), on a number of different samples varying in concentration, the solid-like nature at 20 ˚C was reflected in the storage modulus, Gʹ, being typically two to five times greater than the loss modulus, Gʹʹ. This demonstrated the elastic behaviour of the gels formed in both solvents. This viscoelastic behaviour is associated with classical gels. This, therefore, supports the notion that the cooling of these samples from a solution to a solid-like material resulted in a true gel state. 10 Comparison of the rheological values from the analyses indicates that all the DMSO gel materials are comparable, with the Gʹ values within a magnitude of order of each other. This was certainly evident when handling the gels with a spatula, with the materials generally keeping shape and being difficult to compress. In comparison, the hydrogels would often collapse under mechanical manipulation with a spatula, extruding the majority of the water. However, the rheology behaviour of hydrogels is significantly different from that of the DMSO gels, in that the Gʹ values are at least a magnitude of order higher than those of organogels. The larger size of the fibres and crystalline rigidity of the hydrogels in comparison to the organogels can partly explain this behaviour. The trend of lowering the CGC within the hydrogels upon addition of the halogenated groups to the Phe derivatives is partly matched by the trends in the Gʹ values. The Gʹ values increase with increase in the F addition from F-Phe to 2F-Phe, and finally 5F-Phe. This can be partly explained again by the concentration of the compounds based on portioning between solution and solid in the gels. The more hydrophobic and less soluble the compound, the more of it that is likely to be included into the solid component of the gel, thus increasing the "volume" of the solid network and potential gel strength as measured by rheology. This trend is, however, broken with the 2Cl-Phe and Br-Phe gels. This can be partly explained by the crystallography of the structures which is described below. In essence the structures start to significantly change with these halogen additions.
Crystallography studies Crystal Structures
The gelation processes can often be better understood by determination of the solid state component of the colloidal material. Although often not possible, many supramolecular chemistry studies have turned to crystallography to gain insights into the interactions between the gelator molecules. Although a legitimate methodology, there are caveats to the method and the findings should always be taken with caution. However, hydrogelation by Phe and its derivatives provides an excellent opportunity to study this solid state phase of the colloidal materials as the solid is crystalline in nature. This is not a unique phenomenon, but certainly is one that is rare. 11 As a result, we determined the crystal structures of the majority of the compounds and materials formed during these studies. The hydrogels and water-based experiments all resulted in crystalline phases as confirmed by single crystal (Table 2) and PXRD data (Figs. S4-S10 ). The single crystal data were obtained Table 2 . Crystallographic details for the hydrogels. All forms were found as monohydrates. The published structures of Phe.H2O and I-Phe.H2O monoclinic forms are also presented for clarity.
* published in another submitted paper from the same research groups.
by removing single fibrous crystals from the gel solutions. All these crystal forms were found to be hydrates (the 2Cl-Phe and 5F-Phe phases are yet to be determined). The F-Phe, 2F-Phe, ClPhe gel forming phases were all found to be isostructural in nature to the known form of Phe·monohydrate and the published structure of 3-fluorophenylalanine monohydrate. 2 This can be best evidenced by looking at their crystallographic details (Table 2) , comparing their packing motifs (Fig. 6 and Figs. S11-S14) and comparing the molecular conformations (Fig. 7) . The crystal structures of the Br-Phe and I-Phe single crystals will be discussed later as they are different. But firstly, the isostructurality of the gel forming crystals allows for analysis of the predominant interactions and the variations with different halogen additions. The packing motif of the crystal structures determined for nearly all the Phe derivatives contain a distinct AB bilayered pattern of a hydrophobic layer consisting of the phenyl groups, and a hydrophilic layer consisting of hydrogen bonding and electrostatic interactions between the negatively charged carboxylate groups and positively charged ammonium cation groups, which together form the zwitterionic component of the amino acids (Fig. 6) . We note at this point that we determined the Phe.monohydrate crystal structure to be the thermodynamically most stable form in the presence of water. 1p In the examples presented here, the bilayer arrangement is found in all the materials. The anisotropic assembly resulting in the fibre formation is through the electrostatic interactions of (14) Å a = 13.3028 (14) the positive and negative components of the Phe derivatives down the b axis of all the structures. This is evident in all the structures found and reported here. With this in mind, the conformations of the Phe molecules within each of the structures were compared with the known Phe monohydrate, 3-fluorophenylalanine monohydrate, and 2,4,5-trifluorophenylalanine structures. 2 As can be seen in Fig. 7 , the conformations of all the structures are relatively similar. The Zʹ = 2 character results in two conformations in each structure, except for the Br-Phe and two I-Phe structures which has one conformation (Zʹ = 1). For those three structures with Br-Phe and I-Phe the conformations are very similar to each other, and only slightly different from one of the conformations of the other structures. This gives clear evidence that the molecules with the Br-Phe and I-Phe structures prefer to be in this one conformation overall due to some increased interaction beyond the "hydrophilic" region of the Phe derivatives, i.e. hydrogen bonding, conformations and electrostatic interactions do not vary significantly within the structures and derivatives. This can be confirmed through the determination of the interactions of the structures through analyses of the electrostatic potentials and inter-atom distances. 12 We previously reported that the intermolecular interactions in the Phe·monohydrate structure are dominated by the electrostatic interactions. Hirshfeld surface analyses of the structures reveal there are no significant changes in the interactions between the molecules when it comes to the hydrogen bonding and electrostatic interactions (Error! Reference source not found.). The clear difference occurs in the hydrophobic region of the phenyl groups. The fluoro groups appear only to increase the polarisation of the aromatic group and do not interact with each other significantly. Increased fluorination escalates the polarisation of the aromatic group and causes disruption of the hydrophobic packing motif, as seen in the 2,4,5-trifluorophenylalanine monohydrate structure. The chloro groups of the Cl-Phe monohydrate structure are interacting with each other. Two distances between chloro atoms can be discerned, 3.294(4) Å and 3.810(4) Å. The carbondonor−acceptor angle for the shorter contact is 148.6(3) ˚. With the angle being considerably less than the ideal linear arrangement for strong halogen -halogen bonds, we can ascertain that this Type I halogen -halogen interaction does not disrupt the hydrophilic layer interactions. This interaction corresponds well with the "sigma hole" visible within the electrostatic potential Hirshfeld surface (Fig. 8) . The Br-Phe monohydrate structure isolated from an aged hydrogel was found to be isostructural to the known I-Phe monohydrate form (we have designated this as monoclinic Form I). 5a Comparison of these structures with the single crystal data obtained from the failed gelation experiments of I-Phe revealed a polymorphic form (I-Phe monohydrate orthorhombic Form II). This crystal form has a relatively simple difference in the form of a change in layer packing. The change is from a parallel motif to a polarised form of Br-Phe and the published monoclinic Form I, (Fig. 9) , to a classic herringbone motif. All three structures contain Type II halogen -halogen interactions (Fig. 9) . 4 The halogen -halogen interactions are more significant in these three structures when compared to the interactions found in the Cl-Phe structure. The angles and distances for the three structures are: 3.5458(3) Å and 174.41(6) ˚ for the Br-Phe structure; 3.7517(4) Å and 173.7(1) ˚ for the I-Phe monoclinic structure; 3.7790(8) Å and 173.3(2) ˚ for the I-Phe orthorhombic structure. The conformation of the Phe molecules in these structures gives rise to no π-π interactions. Fig. 8 . Electrostatic potential Hirshfeld surfaces of the F-Phe (top) and Cl-Phe (bottom) derivatives within their asymmetric unit (ASU) of the respective monohydrate crystal structures. The halogenation of the aromatic ring results in increased polarisation of the hydrophobic groups and this can be viewed by the blue "hue" of the hydrogen edges of the aromatic groups and the red "hue" of the central carbon rings. The "sigma" hole of the chloro can be viewed in both molecules of the Cl-Phe ASU. This is the circular "white" region of the red area of the chloro groups.
Please do not adjust margins Please do not adjust margins The electrostatic potential surface indicates the π negative potential that can interact with the electropositive potential of the C-H groups of the methylene group (Fig. S15 ). This is a common motif seen in all the structures of the monohydrates of the Phe derivatives. Fig. 9 . 1 H-13 C CP/MAS NMR spectra of dry hydrogels of Phe, Cl-Phe and F-Phe (303 mM) acquired with an MAS rate of 10 kHz. * is highlighting spinning sidebands.
NMR studies
The supramolecular arrangement of the hydrogel fibres was investigated further using solid-state NMR spectroscopy. 1 H-13 C CP/MAS NMR spectra of Phe, Cl-Phe and F-Phe hydrogel samples, where the bulk water has been removed, showed two peaks per carbon site due to the presence of two magnetically non-equivalent molecular environments, which are in agreement with Z'=2 crystallographic information derived from monohydrate structures of Phe derivatives (Fig. 9) . Strong dipolar interactions, chemical shift anisotropy and short transverse relaxation (T2) processes characteristic of the rigid components are sources of significant peak broadening in 1 H solution-state NMR spectra of gels. However, Phe-based supramolecular gels do not require the whole population of gelator molecules to be incorporated in the gel network, as long as a certain concentration is reached to prompt spontaneous fibril formation. 13 Hence, a fraction of these molecules is dissolved in the isotropic phase (pools of solvent entrapped by the gel network) and is therefore "visible" to solution-state NMR spectroscopy. 14 The gel/solution exchange phenomenon characteristic of supramolecular gels enabled us to gain information about the organisation at the fibre/solution interfaces. A clear difference in the relaxation times of different 1 H sites was observed in solutions of Phe, Cl-Phe and F-Phe (Fig. 10) . Upon hydrogelation of Phe, 1 H T1 times for different 1 H sites became similar, due to enhanced 1 H-1 H dipolar couplings resultant from restricted mobility of the gelator molecules. These data demonstrate that Phe gelator molecules are in the isotropic phase and exchange faster than the NMR frequency time scale while entrapped in the gel network. Contrarily, the dispersion of 1 H T1 values remained in hydrogels of Cl-Phe and F-Phe, despite fibre formation. This means that mainly free gelator molecules were detected. This is a consequence of slower dynamics of exchange of Cl-Phe and FPhe at the gel/solution interfaces, indicating the head substituent determines the strength of intermolecular interactions and dynamics of the molecular exchange at the interface. These phenomena are a subject of ongoing studies using advanced NMR methods and will be reported in another full paper. Fig. 10 . 1 H longitudinal relaxation times (T1) in hydrogels of Phe, Cl-Phe and F-Phe (303 mM). The small variations observed between gel and solutions of F-Phe were due to the overall rigidity imposed by the presence of an organised structure.
Conclusions
We have shown that halogenation of the aromatic ring of Phe can result in variation of the gelation properties in water and DMSO. Gelation in water results in crystalline phases and in a general improvement in gelation ability, due to a decrease in solubility, upon halogen addition. Analyses of the crystal structures reveal an isostructural behaviour with changes in the interactions between aromatic groups and halogen functionality driving changes in packing and therefore gelation functionality. This is in strong contrast to the FMOC-Phe halogen series of compounds that still shows gelation even though periodic crystalline packing changes upon addition of Br and I. 3 With an increase in the strength of the halogen -halogen interactions, the crystal packing motifs change, most notably when Br or I is positioned in the para-position of the aromatic group. This increased strength in the interactions is reflected by slower dynamics of exchange at the gel/solution interfaces. There is a stepped change with the addition of Br to the paraposition on the aromatic group resulting in the gels becoming metastable. Indicating that the thermodynamically stable hydrate structure is no longer favoured, and becomes metastable. With the iodo functionality the gelation ability is lost and the monohydrate form shows polymorphism due to supramolecular isomerism.
